While the aftbody engine exhaust flowfield of hypersonic launch vehicles can be analyzed with computer-intensive computational fluid dynamic codes, this approach is not suitable for use in conceptual vehicle studies. In order to accomplish any complete vehicle-level optimization in the conceptual design phase, performance changes due to the nozzle design must be available quickly. To make this task even more challenging, performance changes need to be assessed over a broad range of flight conditions, instead of just at a single point.
A new approach has been developed to enable rapid, accurate performance prediction and the optimization of the aftbody geometry at supersonic flight conditions. This approach involves generating response surface equations to recreate the aftbody pressure distributions. Once the pressure distribution has been obtained, the integrated forces and moments can be determined for the aftbody section at a specific flight condition.
The response surface equations are generated from the results of a new two-dimensional, Euler flow solver. Parameters that affect the pressure distribution and serve as input variables to the response surface equations include the nozzle geometry, combustor-exit flow conditions, and the freestream flow properties. The results of this new approach have been incorporated into SCCREAM, a conceptual level air-breathing engine performance prediction tool. 
NOMENCLATURE

INTRODUCTION
Engineers in the conceptual launch vehicle design environment need to be able to assess engine performance at every point in a vehicle's trajectory. Unlike rocket engines, where the propulsion system is dependent only on the vehicle altitude, air-breathing propulsion system performance is strongly dependent on the vehicle's attitude (angle of attack) and flight path (velocity, dynamic pressure).
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At the conceptual design level, exploring the design space for transportation systems typically emphasizes breadth over depth, in terms of analysis fidelity and configuration options considered. Analysts need to quickly identify promising vehicle configurations, determine feasibility, and assess the economic viability of the system. While achieving a feasible configuration can be extremely difficult, achieving economic viability for a configuration is even more challenging, if not impossible in many cases. Thus, optimization of the configuration is a critical part of the design process. Depending on the number of variables being considered, the optimization of a vehicle configuration can require tens to hundreds of closed vehicle designs, or 'point designs'. Obtaining a single point design can require 10-15 system level iterations, each requiring multiple analyses from many disciplines. Based on the total number of disciplinary evaluations required, conceptual design tools demand execution times on the order of minutes, not hours or days.
Analysis tools that require model setup and execution times of days or hours (i.e. CFD, FEA with currently available computing resources) are considered 'slow' and although they typically offer higher fidelity, are not suitable for conceptual design. Tools suitable for use in the conceptual design phase must have setup and execution times on the order of minutes. With future advances in computing resources, it will become possible to utilize higher fidelity tools at this stage in the design process.
For propulsion system design, in addition to a need for a design-oriented analysis tool, the overall performance estimation must also be improved. The engine component that has the most significant impact on vehicle performance is the 'aftbody' or nozzle. Unfortunately, this component typically receives the lowest level of modeling detail in conceptual design studies. One option to correct this problem is to simply incorporate a higher fidelity analysis. But, higher fidelity techniques come at the expense of execution time. Therefore, simply incorporating this type of analysis is not a viable answer as the entire design process would suffer. Improvements made in modeling accuracy cannot be made at the expense of speed.
Aftbody nozzle flowfields have been studied fairly extensively in both computational and experimental analysis [1, 2, 3] . As a result of this work, the nozzle problem on its own is well understood but this knowledge has yet to be applied quantitatively to the conceptual design process. There is not a detailed understanding of how the nozzle's design and performance impacts the entire vehicle system. With the nozzle's primary function being to expand the engine exhaust products onto the aftbody of the vehicle and generate thrust, it is easy to see that assumptions made about t h e nozzle characteristics can have a dramatic impact on the vehicle system. Not only does the nozzle affect the overall engine thrust, it also generates a normal force on the vehicle which is an additional source of lift available to the vehicle. Additionally, the pressure distribution along the nozzle surface greatly affects the pitching moment of the vehicle. These moments influence the stability of the entire vehicle. In fact, some studies have suggested that when moments are integrated into the vehicle analysis, the system changes from being feasible to infeasible, with the vehicle gross weight increasing by as much as a factor of two [4, 5] .
Approach
The rapid prediction method involves performing a Response Surface Methodology (RSM) [6] . The RSM will yield a series of Response Surface Equations (RSE's) that will be able to predict the nozzle performance. RSE's are able to model complex systems as simple, multi-variable polynomial equations. These equations, shown in their general form as Equation 1, often yield very accurate results and save valuable computation time.
The procedure involves first conducting a 'screening test' on potentially important design parameters that impact the nozzle performance.
Results of this screening test are used to reduce the set of design parameters to a subset of the original that include only the variables with the most significant impact on the responses. The subset resulting from the screening test is used in generation of the RSE's for the pressure distribution on the nozzle section. The vehicle flight conditions, combustor exit conditions, and nozzle geometry are input variables to these RSE's.
The results of an analysis from a new 2-D Euler flow solver that is capable of modeling two jet streams will provide the desired nozzle pressure distribution information and experiment results for the screening and RSE cases. The Euler code will be executed over a wide range of vehicle flight conditions, for various combustor exit conditions and nozzle designs. The primary output from each Euler solution will be the static pressures along the aftbody nozzle surface at five different axial locations. Each of these selected pressures will be the response for a particular experiment. These can be used to reconstruct the pressure distribution for a given case through a polynomial fitting algorithm and then integrated to obtain the net axial and normal forces on the nozzle. These forces and their location on the nozzle surface can then be used to compute the moment on the nozzle or vehicle. This procedure will establish a set of RSE's that will be applicable to many different engine designs, aftbody designs, and flight conditions.
The aftbody RSE's will be incorporated into SCCREAM, allowing for more accurate force calculations, generation of propulsive moments, and optimization of the nozzle geometry. In addition to specifying other non-aftbody propulsion system variables, the geometry of the aftbody section (e.g. expansion angles, area and height at the cowl trailing edge) will be required. SCCREAM will generate the flow properties (e.g. velocity, temperature, pressure) at the engine exit and provide the flight conditions (freestream velocity, pressure, density) as inputs to the RSE's. The pressure distribution generated by the RSE's and polynomial fit can then be integrated to obtain the forces on the vehicle aftbody. Depending upon the vehicle force accounting system selected, the nozzle forces can be combined with the forebody aerodynamic forces to obtain the net propulsive lift and thrust/drag on the vehicle. Finally, SCCREAM will create a formatted engine deck for use in the trajectory analysis. This engine deck will include overall engine performance metrics (thrust, fuel consumption) as well as the additional information gained from the nozzle analysis (normal force, moment coefficient).
AFTBODY NOZZLE ANALYSIS
A schematic of a typical aftbody nozzle design, with notations for the two flow streams and parameters that are necessary to accurately model the flow is shown in Figure 1 . After nondimensionalizing a few of the variables, a total of nine are required to specify a unique operating condition. This will allow for the broadest applicability of the results. These design variables name and nomenclature are presented in Table 1 .
By specifying a freestream altitude, the freestream density (ρ ∞ ) and pressure (P ∞ ) can be obtained. A freestream specific heat ratio (γ ∞ ) and molecular weight (MW ∞ ) values of 1.4016 and 28.965 respectively, corresponding to air, are always used. 
Flowfield Solver
The first step in the analysis of a single point is establishing the nozzle shape and discretizing the flowfield. The shape for the nozzle surface is dictated by the initial and final expansion angles. Linear changes in surface angle at 20 discrete points allows for a smooth flow expansion. The equation for the nozzle expansion angle at a given axial position is provided in Equation 2.
For the jet-boundary side of the grid, an initial guess with a y/L value of 1.0 is allowed for the expanding flowfield. Typical runs utilize 150 grid points in the axial direction and 150 in the normal direction. With this information, the grid generation program is executed. This program is a simple algebraic grid generator that incorporates stretching functions in both the normal and axial directions.
This clustering allows the grid points to be focused near the cowl trailing edge and nozzle surface. Note that in the axial direction, the stretching function was applied at the upper and lower bounds only, then a linear interpolation routine was applied between the boundaries for determining the x-coordinate locations.
Execution of the grid generator is on the order of a few seconds, depending upon the desired grid resolution. Figure The nozzle flowfield solver uses a perfect gas model for the Euler equations in a twodimensional flow field. This code uses a shockcapturing, implicit routine with Roe Averaging [7] . After some experimentation, it was found that a first-order accurate, fully upwind scheme provided the most robustness and fastest convergence rates. The overall robustness is critical for minimizing the amount of user interaction, especially when performing multiple runs.
Instead of using an 'effective gamma' method, the different γ's for the two flows (engine exhaust and freestream) are handled as discrete values. To determine which grid node uses which specific heat ratio value, the continuity equation is used. The core's mass flowrate is determined at the upstream, inflow boundary plane. This value is then used at each vertical plane to determine the location of the interface between the two flowfields. Starting at the nozzle surface, the mass flux is integrated along a constant vertical grid line. When the integrated value exceeds the mass flowrate at the upstream boundary, the location is stored as the interface location. Between the body and this point, the engine exhaust specific heat (γ e ) is used. Below this point and to the lower grid boundary, the freestream specific heat value (γ ∞ ) is used. These values are updated after each iteration of the solution scheme. Figure 3 provides a sample contour plot resulting from implementing this method.
The engine exit flow velocity (at the upstream boundary) is varied linearly between θ=θ 1 on the vehicle body side and θ=0 o on the cowl side. This is a common assumption made for transforming the 1-D combustor exit results into a 2-D flowfield for the nozzle [8] . The pressure data from the nozzle can be 'curvefit' using a variety of regression methods. After carefully considering a variety of models, it has been concluded that a 5 th order polynomial provided the best fit for the widest range of nozzle designs. Lower order fits were unable to provide needed inflection points and steep initial gradients found in many distributions.
By using a weighted least-squares analysis, or Chi-Square fit [9] , excellent agreement can be obtained between the actual and curve-fit distributions. This method assigns weighting factors (σ i ) on the data to be fit. By assigning higher weighting factors to points that are closer to the engine exit plane, the intercept requirement can be meet. The general form for the equation being solved by the Chi-Square routine is provided in Equation 3 , where the values for a i 's are the 5 th order polynomial coefficients. It should be noted that better results were obtained by fitting the inverse of the specified data points. Therefore, the 5 th order polynomial provides the inverse pressures and must be inverted, as shown in Equation 4 . The χ -minimization can be accomplished using a singular-value decomposition (SVD) matrix routine [10] .
A χ-Square fitting routine for regeneration of the pressure distributions was implemented using a published algorithm [9] . The code is written in the 'C' programming language and execution time is nearly instantaneous. The necessary input parameters are the number of data points to be fit (N), the desired polynomial order (eg. 5), and the weighting factors assigned to each data point (σ i 's).
Model Verification
Before proceeding with the RSM, a test case was conducted to verify the accuracy of the flow solver created. A well-established program from NASA called SEAGULL was used to benchmark the code to be used for the RSE generation.
SEAGULL is an implicit, perfect gas 2-D Euler flow solver [11] . The code uses a shock-fitting method, as opposed to the shock-capturing method, so it executes fairly quickly. This code was written in Fortran by the NASA Langley Research Center in the 1970's. The main drawback of SEAGULL is that it is not written in an object-oriented language and it is not easy to modify, script, or integrate with other codes. The test case examined was for a Mach 7 freestream scramjet engine. The nozzle ramp geometry begins with an expansion of 21 o and smoothly decreases to about 2 o to minimize the divergence losses. Figure 4 compares the new CFD flow solver results with those produced from SEAGULL. Plotted in the figure is the normalized pressure distribution versus axial distance. Excellent agreement can be seen between the two pressure ratios distributions. Figure 5 provides the resultant flowfield Mach number contours. Evident in the contour maps is the expected outer and inner shockwaves and the shear layer, both originating from the cowl trailing edge and extending downstream.
RESPONSE SURFACE METHODOLOGY
The procedure for performing a Response Surface Methodology (RSM) requires four steps [6] . The first step is the selection of the system response(s) and identification of all the input parameters that effect this response. These parameters must each be assigned a lower and upper bound appropriate for the design space being investigated. The second step involves performing a 'screening test'. This screening test involves examining the response's sensitivity to the main effects only (i.e. a single parameter). This linear model is generated by performing a two-level Design of Experiments (DOE) analysis. The purpose of the screening test is to identify the factors that have the most significant effect on the responses. Inherent to this test is the assumption that the main effects will contribute more to the variance of the response than any higher order interactions. With this information, it might be possible to reduce the number of input parameters. Once the most significant contributors have been identified, they become the input parameters to the RSE's. Any parameters that are determined to have a negligible or small effect on the response will be eliminated as a RSE variable and be set to their nominal value. As the third step, the three-level RSE generation can now take place. For generation of the RSE experiment design, many options exist (eg. Box Behnken, CCD, FullFactorial) [12] . Each of these options have their benefits and consequences. For a given design type, the number of input parameters will determine the number of cases that must be analyzed to map out the design space and generate the meta-model. For large number of variables (6+), there can be a significant difference in the number of cases required for different experiment designs, as shown in Table 2 .
For designing the necessary experiments, compiling the data, and interpreting the results, a software package developed by the SAS Institute known as JMP (pronounced 'jump') will be used [13] . It was determined early on that the desired accuracy levels would be very difficult to achieve with a single set of RSE. Therefore, it was decided that a 'supersonc set' and a 'hypersonic set' would be created. The supersonic set would be for cases with freestream Mach numbers from Mach 2 to 6, while the hypersonic set would be applicable from Mach 6 to 12. All other input variable ranges were adjusted to correspond to typical values encountered in these two flight regimes.
Using each of the two sets, a screening test was conducted that consisted of 12 experiments per set. Each of the nine aftbody variables had two settings for this Plackett-Burman design. The integrated axial force, normal force and moment arm were used as the responses. Once all the runs were completed, a Pareto analysis was then conducted to determine each variables contribution to the variance about the mean of the response.
The results of the screening test were then used to reduce the input parameter sets to seven variables each. The seven variables selected as input parameters to the RSE's for each set are provided in Table 3 . A three-level fractional factoral Central Composite Design (CCD) experiment was created for both supersonic and hypersonic sets. Data obtained from this experiment design will be used to construct the RSE's. For the seven design parameters, 143 Euler runs were required to fill out the CCD.
The CCD experiment responses are the pressure ratio (local-to-engine exit static pressure, P/P e ), acting on the nozzle surface at a given axial location. The five selected locations are at axial positions, x/L) i 's, of 0.1, 0.2, 0.6, 0.9, and 1.0. The pressure ratio at x/L) 0.0 is known since its value will always be 1.0. 
These responses make up the data points necessary for reconstructing the complete pressure distribution of the nozzle. Using the Chi-Square regression analysis that fits a 5 th order polynomial curve, a continuous and smooth distribution can be obtained. The Chi-Square analysis results in the generation of six polynomial coefficients (a i 's), where a 0 will always be 1.0.
RESPONSE SURFACE EQUATIONS
All cases from the CCD DOE were analyzed using the CFD solver that was created. Approximately 250 hours of CPU time was required on a 350 Mhz R12000-class Unix workstations with a minimum of 480 MB of RAM.
The JMP software was then used to compute the RSE's for each response. With seven variables, the 2 nd order meta-model requires 36 coefficients. Although this seems like it requires a significant number of computations to obtain the pressure distribution, it is still insignificant compared to the hundreds of millions of operations required for direct generation using the CFD results. The accuracy of the RSE predictions compared to the actual, provided response can be measured in terms of the R 2 value. The measure of the fit is computed as:
where SSE is the sum of squares for the error and SSM is the total sum of the squares of the mean. Another metric is the adjusted-R 2 value, in which the R 2 value from Equation 5 is 'adjusted' by the number of variables (k) and experiments (n) in the RSE equation. This metric allows for comparing meta-models with a different number of coefficients. Hypersonic Set RSE's Table 5 shows the R 2 and adjusted-R 2 values for each of the five hypersonic-set responses. Note that the R 2 values for these responses do not appear to be as good as those for the supersonic set. The responses with the poorest fit are those further downstream, at axial locations of 0.9, and 1.0. An examination of the prediction results showed that the lack of response fit were consistently occurring at parameter settings with high pressure ratios (i.e. 100) and low engine exit Mach numbers (i.e. 1.2). These particular settings will almost never occur for a real engine design. The high pressure ratios typically occur at high altitude flight conditions where the ambient pressure is very low, and the low exit Mach numbers typically occur at lower flight speeds and altitudes. Unfortunately, the responses at these points impact the fit at other settings. 
Supersonic Set RSE's
CONFIDENCE TEST CASES
With the successful execution of the CFD solver and generation of the RSE's, both the supersonic and hypersonic sets predictions were compared with actual CFD results for two test cases (i.e. total of four). The variable settings for these cases are all at values whose ranges were within the bounds of the RSE-model generation. These confidence tests will be the true measure of the RSE's ability to predict the nozzle performance.
Supersonic Tests
The two verification cases performed used the input values provided in Table 6 . Note that the γe and P/P variables, where were set at their nominal values as a result of the screening test, have been reintroduced to the problem. Although not required by the RSE's, they will be set at values different than their nominal settings used in the RSE generation and used for the direct generation CFD runs. This will serve to verify the results of the first screening test. Figures 6 and 7 show the plots for the pressure distribution versus axial distance for the RSE predictions and actual CFD results. Both figures show good agreement between the predicted and actual distributions, with consistent trends. Note the small error though at the tail edge of the nozzle for Case #2. The error in these latter points in responsible for generating the overpredicted distribution in the middle section of the nozzle. This error is attributable to the poorer fit, evident in the R 2 -value, for the response predictions points x/L) 0.9 and x/L) 1.0 . Although this error seems significant, the fact that it is occurring after most of the flow has expanded reduces its importance. Table 7 shows the integrated results from the CFD runs and those obtained from the RSE-based predictions. This calculation was performed by using the RSE's to generate the local static pressure ratio along the nozzle surface (at x/L of 0.1, 0.3, 0.6, 0.9, and 1.0), then applying the Chi-Square fitting analysis of these points to obtain the complete distribution.
Both the RSE predictions appear to perform fairly well, as evidenced by the values presented in Table 7 and plotted distributions. The axial force has a relative error of 1.85% for Case #1 and 0.15% for Case #2. The normal force has a relative error of 3.18% for Case #1 and 0.15% for Case #2. Note that for Case #2, the superior integrated results are due to the cancellation of small overpredictions and underpredictions for the distribution. The distribution errors will become apparent in the moment arm predictions. Case #1's distribution is actually in much better overall agreement, although its integrated results are not as good. Some of the errors present can also be attributed to the P e /P ∞ and γ e parameters, which were fixed at their nominal values for the RSE generation. Additionally, while the RSE computations are nearly instantaneous, the CFD results required about 30 minutes of computer resources for both cases. 
Hypersonic Tests
These verification cases used the input values shown in Table 8 . Note again that the P e /P ∞ and ρ ∞ /ρ e variables have been reintroduced to the problem. This will serve to verify the results of the second screening test. Figures 8 and 9 show the plots for the pressure distribution versus axial distance for the RSE predictions and actual CFD results. Both figures show good overall agreement. Table 9 shows the integrated results from the CFD runs and the RSE's. The axial force has a relative error of -0.77% for Case #1 and -2.34% for Case #2. The normal force has a relative error of -2.02% for Case #1 and -1.91% for Case #2. For the main combustor, the fuel options include: hydrogen, methane, propane, and JP-5. Similarly to the rocket, an initial fuel temperature can be specified. Disassociation of the air molecules (i.e. nitrogen and oxygen) at elevated temperatures is accounted for by the presence of monotamic nitrogen (N), nitrogen oxide (NO), and monotamic oxygen (O).
The default total pressure recovery in SCCREAM is based on a military inlet specification (MIL-SPEC) schedule. These performance values assume the inlet is always operating at its design point (i.e. peak efficiency). This schedule can be easily replaced with any other schedule that can be represented as an n th -order polynomial with the Mach number as the independent variable and the total pressure ratio as the dependent variable.
Aftbody Implementation
The RSE's and Chi-Square fitting routine have been incorporated into SCCREAM. For both the supersonic and hypersonic sets, the lower and upper variables ranges have been used as limits for parameter values. If a particular flight condition or engine design generates a variable setting that exceeds the valid ranges, that variable is replaced with the minimum or maximum value. This is only used for obtaining the nondimensional pressure distribution. The actual variable values are always used when dimensionalizing the integrated values (e,g. a ramp angle). For AAR, FR, and RJ engine cycle analysis, the supersonic RSE set is used. For SJ and SR mode analysis, the hypersonic sets are used.
In the event that the static pressure at the combustor exit is equal to or below atmospheric pressure (i.e. overexpanded), the aftbody analysis is bypassed and the axial and normal force contributions from the nozzle section are zero. For throttled engine cases, the run time will increase proportionately with the number of throttle settings. For the RJ and SJ mode operation, the 'throttle' applies to the equivalence ratio (φ ) of the engine. This performance information is especially useful for flyback and cruise vehicle type scenarios (non-accelerator missions).
SCCREAM generates a number of output files with results in a variety of formats. The files consist of all relevant engine performance parameters for every analysis case examined during a run. The primary output file and most critical in a design process is the engine deck. For propulsion system analysis and design purposes, a file containing all fluid property values through the engine is available. As previously mentioned, the web-interface also provides plotted maps of the engine performance for each mode.
SCCREAM automatically creates formatted engine decks for the trajectory simulation program POST -Program to Optimize Simulated Trajectories [16] . The engine decks are either 2-D lookup tables with Mach number and altitude as independent variables or 3-D lookup tables with Mach number, altitude, and throttle setting as independent variables. This performance map allows the trajectory analyst more control over optimizing the flight path of the vehicle.
To allow for tracking of engine internal static pressures, included in the POST engine deck is a table that contains the maximum static pressure experienced by the engine at each flight condition. This information can easily be monitored during the trajectory and can be passed to an engine weight estimation code during each iteration of the vehicle closure process.
For additional information on SCCREAM, the interested reader is referred to the numerous published papers regarding this tool [17, 18, 19] .
CONCLUSIONS AND RECOMMENDATIONS
A technique for rapidly predicting aftbody nozzle performance for advanced hypersonic vehicles utilizing A/B and RBCC propulsion systems has been successfully implemented. The results from the implementation of this technique and the performance modeling improvements made will be summarized next:
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American Institute of Aeronautics and Astronautics A two-dimensional flow solver for the computation of inviscid, aftbody flowfields was created. Results from this code were verified with SEAGULL, a NASA-heritage perfect gas flowfield solver, for a Mach 7 scramjet case. The two codes were shown to predict almost identical pressure distributions given the same nozzle geometry and initial flow conditions. Relative differences of less than 2% were obtained for both the integrated axial and normal forces.
Two sets of response surface equations were generated for use in either the supersonic or hypersonic flight regime. When combined with a Chi-Squared fitting algorithm, the results of the RSE's can be used to reconstruct the aftbody pressure distribution. The integrated axial and normal forces consistently provide results within +/-5% of the CPU intensive, two-dimensional Euler flow solutions.
The objective of this work was to enable a variety of new capabilities for the design analyst in the conceptual design environment. Three of the new capabilities identified were the ability to account for propulsive lift, optimize the vehicle aftbody nozzle shape and engine flowpath, and perform trajectory simulations that incorporate the vehicle's pitch-plane moment. These capabilities have all been enabled with the successful implementation of the rapid prediction method outlined. Improvements in accuracy and the ability to locate the optimal system configuration will be required to advance the current 'state of the art' in hypersonic launch vehicle design. With numerous launch vehicle studies continuing to yield infeasible and economically unviable configurations, the additional parameters now available for optimization in the design process will hopefully yield a vehicle configuration that will eventually allow affordable and routine access to space.
The present methodology forms a framework for future implementations like adding viscous effects and shear layers. Since the stated methodology is independent of the flowfield solver and its capabilities, higher level CFD analysis methods could be used for generating the responses. A thermally perfect gas, chemically reacting exhaust, or a Navier Stokes flow solver that accounts for the viscous effects on the aftbody, could be used in place of the inviscid Euler solver that was created and used for generating the current predictions.
Further improvements in accuracy could possibly be obtained by using a different meta-model. While the RSE's where selected as the metamodel of choice due to their ease of use and computation efficiency, a different model type, like a neural network, could allow for additional variables and fewer experiments. The drawback to this sort of model will be the overhead associated with training and supporting such a system.
